ABSTRACT: We propose in this study a novel PET detector concept as insert for simultaneous PET/MR imaging, using arrays of Silicon Photomultipliers (SiPMs) as photodetectors, read out by a data acquisition system based on sampling ADCs. A 2 × 2 LSO-SiPM detector array and four single channel LYSO-SiPM detectors have been evaluated and compared to a LSO-APD detector. A 17.9% energy resolution and a 1.4 ns time resolution have been measured. No degradation of these values could be detected when simultaneous MR acquisitions were performed. The nonlinear detector behaviour due to the limited dynamic range and recovery time effects has been studied. In addition, the contribution of dark counts and optical crosstalk for PET applications was also addressed. The feasibility for position localization of the incident light to a SiPM array using Anger logic has been investigated.
Introduction
Detector technology for Positron Emission Tomography (PET) evolves rapidly towards designs that may warrant more accurate position information. In addition, multimodality imaging such as PET/CT has successfully managed to merge functional and anatomical information in order to more accurately localize functional information. Currently, efforts are focusing on PET/MR, which is aiming at combining the higher Magnetic Resonance (MR) soft tissue contrast with PET, minimizing at the same time the received radiation dose by the patient. Simultaneous PET/MR acquisition requires a highly demanding detector design in order to avoid interference of one modality to the other [1] . Avalanche Photodiodes (APDs) are considered advantageous against Photomultiplier Tubes (PMTs) due to their small dimensions and their insensitivity to magnetic fields. The feasibility of using APDs instead of the traditionally used PMTs in PET imaging has been shown in several studies [2, 3] . However, the low internal gain of APDs necessitates the use of sophisticated, low noise amplifiers, which furthermore will require stringent Electro-Magnetic Interference (EMI) shielding inside the limited Field-Of-View (FOV) of the MR scanner. In addition, the significantly worse timing of the APD signals due to low gain and higher noise, compared to PMT signals, limits the overall time resolution of the imaging device, leading thus to a wider time coincidence window and consequently to an increased number of detected accidental coincidences which will degrade image quality [4] . Recently Silicon Photomultipliers (SiPMs) have attracted interest for their use as scintillator readout in PET applications since they combine a number of advantageous properties compared to other conventional photodetectors such as PMTs or APDs [5 -10] :
• A similar gain to PMTs in the order of 10 6 . Thus no complicated, application-specific frontend electronics is needed. This is expected to be of major advantage inside a MR tomograph since the radial extent of the PET insert may be minimized and thus the PET FOV is not reduced significantly.
• The single photoelectron resolution for modest photon fluxes facilitates very accurate time pick-off and in principle a sub-nanosecond time resolution.
• Their insensitivity to magnetic fields and their minimal EMI pickup make them appropriate for use in combined PET/MR imaging.
The SiPM architecture is based on an array of single channel APDs (cells) operating in limited Geiger mode (i.e. biased above breakdown) as shown in figure 1 .
Due to the nature of the quenching mechanism each cell outputs a standardized pulse independent of the number of photons incident to it. Thus each cell is operating in binary mode only indicating if it has fired or not [11] . Quantitative information about the number of incident photons is given by the output signal of the SiPM array which is the sum of the signals of the individual APDs connected to each other through a polysilicon resistor. However, due to the limited number of APDs in a SiPM, for photon fluxes greater than 1 photon per cell and recovery time, non-linear effects take place which may limit the SiPM's performance in terms of energy and time resolution [12] .
The purpose of this study is to investigate a novel detector concept for simultaneous PET/MR imaging based on SiPMs read out by a sampling ADC based data acquisition system. The non- linear dependence of pulse height on the number of incident photons and the influence of this effect on the pulse height and timing properties of LYSO-SiPM detectors has been studied and compared to corresponding properties of a LSO-APD detector.
Materials and experimental setup
For this study four SiPMs from Moscow Engineering & Physics Institute, PULSAR Enterprise and four Multi Pixel Photon Counters (MPPCs, series S10362-11-025U/050C) from Hamamatsu Photonics have been used. Table 1 summarizes some characteristics of the devices used.
Single-channel SiPMs
The single channel SiPMs used are shown in figure 2 (left). The SiPMs with cell sizes of 25 µm × 25 µm were used as single channel devices. Each SiPM is mounted in a metal can housing covered by a glass window. There is an air gap of approximately 1 mm between the entrance window and the sensor. These devices have been evaluated as light detectors when illuminated with light emitted from a LED. They were also coupled to 1.4 × 1.4 × 12 mm 3 LYSO scintillation crystals (Saint-Gobain Crystals, Nemours Cedex, France) and energy spectra were acquired using a 22 Na source. In order to optimize the light collection, the crystals were wrapped in specular reflector foil (3M) and coupled to the photodetectors by means of optical adhesive (Delo Photobond 400) with a refractive index of 1.6.
The SiPMs with cell sizes of 50 µm × 50 µm were mounted in a ceramic housing and covered with resin. They were also coupled to the scintillation crystals mentioned above and were operated in coincidence inside a clinical MR Tomograph during various typical MR sequences used for clinical studies. The detector pair was irradiated by a 18 F-FDG point-like source placed in the centre between the crystals.
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2×2 SiPM array
The 4 SiPMs from Pulsar and MePhI were used to fabricate a 2 × 2 detector array, as shown in figure 2 (right). The total area of one SiPM chip is 2 × 2 mm 2 and the sensitive area is 1 × 1 mm 2 . In the array the sensors are separated by approximately 0.3 mm and mounted on a ceramic chip carrier. The chips and bond wires are protected by an epoxy coating of 0.8 mm thickness. A 0.5 mm thick silicon pad was placed on top of the SiPM array as a lightguide. A collimated light source was used to illuminate the array at various positions and the 2-D position histograms were determined using centroid calculation based on Anger logic.
Data acquisition electronics
The detector signals were initially fed to standard NIM electronics. A Constant Fraction Discriminator (935 Quad CFD, Ortec) was used to produce trigger signals and a Multi-Channel Analyzer (3001 QVt MCA, LeCroy) was used for the acquisition of energy spectra when operating in charge integration mode. The same MCA was also used to record coincidences between the two opposing detectors when operating in start-stop mode.
For the measurements inside the MR tomograph a sampling ADC based data acquisition system was used instead [13] . The detector signals are continuously digitized with 80 MHz sampling rate and energy spectra are reproduced from the maximum pulse height. A time stamp was assigned post acquisition to every detected event by applying a software-based CFD timing pick-off method. Thus, coincidences between the detectors were sorted in software from these data.
For the position reconstruction using the SiPM array, the signals of the four detectors were fed to the analog inputs of a fast digital oscilloscope (1 GHz bandwidth, 4 Gsamples/s, Agilent Infiniium, 54832D).
Results & discussion
Measurements with light pulses produced by a LED: SiPM linearity and recovery time effects
Despite the large potential of SiPMs for their use in PET, their response may become non-linear under specific conditions:
• As already mentioned, the limited number of cells (N cells ) in a SiPM limits the detector's dynamic range. Hence, if the number of incident photons per unit time (
dt ) exceeds the number of cells in a SiPM, the detector output will be non-proportional to the number of incident photons. Assuming an infinite recovery time, the detector output in terms of fired cells may be modelled by equation (3.1) :
where PDE is the Photon Detection Efficiency of the device. For the derivation of equation (3.1) we assume a generalized Poisson distribution [14, 15] for the probability of photon detection by each cell. number of incident optical photons per cell as predicted by equation (3.1) when assuming a long recovery time.
• In addition, the linear response of each SiPM cell to successive light stimuli is also affected by the limited recovery time of the individual Geiger APDs, namely by the time each cell needs to recover from a Geiger discharge and to refire [16] . This time is determined by the characteristic time constant of the cell defined by the product of its capacitance C cell and the value of the polysilicon resistor R cell attached to it [17] .
Thus, for photon fluxes higher than 1 photon per cell per recovery time non linearity effects will affect the output of the detector which may be approximated by the formula (3.2) .
For the derivation of equation (3.2) we assume an exponential recovery of each cell with a time constant τ. At the limit τ → ∞, equation (3.2) degenerates to equation (3.1). As an example, for a SiPM with 1600 cells, a 25% PDE and a 50 ns recovery time, the behaviour described in equation (3.2) is illustrated in figure 4 . The PDE of a SiPM is defined in first order as the product of the geometric efficiency of the device, the Quantum Efficiency (QE) and the probability of an avalanche breakdown. It is obvious from figure 4 cells results in an increase of the effective dynamic range of the SiPM, however this increase may be non-linear depending on the intensity of the incident photon flux.
In order to experimentally confirm the non-linear behaviour predicted by theory, the device was illuminated with light pulses from a low intensity Light Emitting Diode (LED). The period of the light pulses was kept large enough so as to allow full recovery of the SiPM. We studied the response of these devices in terms of linearity, by successively varying the duration of the light flashes. The full duration of the output's rising edge (defined as rise time in figure 5 ) is determined by the duration of the incident light pulse, meaning that the device responds to the light stimuli of all durations. Figure 5 depicts the observed amplitude and rise time of the SiPM output pulse when illuminated with light pulses of varying durations from 10 ns to 500 ns in steps of 10 ns.
In the top plot of figure 5 one observes that there is no change of the pulse height with increasing LED pulse width for widths above 400 ns, namely the device is fully saturated. The corresponding SiPM output signals are shown in figure 6.
Measurements with scintillation light pulses: SiPM-LYSO vs. APD-LSO energy and time spectroscopy
22 Na spectra with a single channel LYSO-SiPM detector and with a 2 × 2 × 8 mm 3 LSO (CTI, Knoxville, USA)-APD (S8550, Hamamatsu, Japan) detector are compared in figure 7 .
The signals from the LSO-APD detector were fed to an integrated charge-sensitive preamplifier [18] followed by an integrated shaper with 100 ns shaping time [19] . The achieved energy resolution is 20.9% for the 1600-cell SiPM (figure 7) and 17.9% for the 400-cell SiPM ( figure 12 ) and is comparable to the LSO-APD energy resolution of 17%. These values can be expected to further improve taking into account the current factors that contribute to a degradation of the energy resolution:
• In the case of the 1600-cell SiPM, the air gap in the metal housing between the LYSO crystal and the sensitive area of the sensor results in total internal reflection of the produced scintillation light back to the scintillation crystal, due to mismatch among the refractive indices of the crystal (n LYSO = 1.82) and air (n air = 1.00). • The 1.4 × 1.4 mm 2 LYSO crystals mounted to the 1 × 1 mm 2 sensitive area of the SiPMs led to a 1:2 mismatch in the sensitive area between crystal and photodetector. Figure 8 illustrates the dependence of the light detected by the SiPM on the crystal pixel size for various crystal lengths, as estimated by simulations performed using the DETECT2000 photon tracking simulation package. The light output demonstrates an exponential dependence on the crystal pixel size, leading to a 50% light loss for the case of the above mentioned mismatch. This would be of particular importance for a significantly small number of incident optical photons, in which case photon statistics is the dominant source of energy resolution degradation compared to intrinsic LSO resolution. It should be noted that there was also a mismatch between the areas of the crystal and the photodetector in the case of the LSO-APD detector (APD sensitive area: 1.6 × 1.6 mm 2 ).
The time resolution, on the other hand, may also be significantly influenced by non-linear effects depending on the time pick-off method used. In figure 9 a measured time coincidence histogram is shown. The CFD produces a trigger at a specific fraction of the input pulse independent of the pulse amplitude, assuming that the pulse shape remains constant. For pulse shapes that vary, however, this method may result in inaccurate timing. The achieved time resolution using this method (no shaping, 4 ns delay) is 1.9 ns FWHM for two SiPMs, that is 1.4 ns for each individual one. This value is expected to improve using a time pick off technique based on the signal shape and by increasing the light collection efficiency of the detector. It should be mentioned that the chosen CFD delay value does not correspond to the 2 3 of the signal rise time (approx. 20 ns), which would theoretically result in the best timing. It has been chosen to be large enough in order to avoid arming trigger errors but small enough in order to simulate the Amplitude and Rise time Compensated (ARC) time pick-off method [14] . For comparison, the time resolution (3.65 ns FWHM, CFD time pick off) of a LSO-APD detector against a plastic scintillator-PMT is also shown in figure 9 .
The theoretical limit of the time resolution σ res is imposed by the signal rms noise σ rms and the signal slope Figure 10 shows an oscilloscope view of LYSO-SiPM output signals when the detector is irradiated with 511 keV gamma rays. With no amplification and a 10 ns shaping time (integration/low pass) the signals are characterized by a 30 ns rise time and a 60 mV maximum amplitude. In the same figure, the rms noise of the SiPM has been measured for three different shaping times (integration) as a function of the applied bias. For the rms measurement, a 1 GHz bandwidth digital oscilloscope (Agilent Infiniium 54832) was used. Based on these data, a theoretical limit in the achievable SiPM time resolution can be estimated, which in the case of 100 µV rms noise, can be as low as 50 ps. If the transit time spread of the SiPM is also taken into account, the lower limit in the achievable time resolution may reach a few hundreds of picoseconds [20] . This lower limit could potentially demonstrate the SiPMs as appropriate photodetectors for use in Time-of-Flight (TOF) PET imaging, where subnanosecond time resolution is required [21, 22] . However, deviation from the above mentioned theoretical limit may be observed due to photoelectron statistics which, in the case of SiPMs, is strongly affected by the limited number of cells and by the fact that each cell may be triggered by only one photon during its recovery time. The number of produced photoelectrons has been calculated for the 400-cell SiPM by comparing the position of the 511 keV peak in a 22 Na spectrum to the position of the single electron peaks in the dark count spectrum. After correcting for different amplification of the signals when acquiring dark count spectra compared to gamma spectra, in which case the signals needed to be attenuated, a number of 300 ± 80 fired cells has been estimated. This number is in good agreement with the theoretical prediction of 396 fired cells. This result is based on equation (3.1) using a PDE of 50% and an incident optical photon number of 3700 as estimated by optical simulations performed with DETECT2000. As it can be seen from the left graph of figure 3, for this number of fired cells it is possible to operate the SiPM in the saturation region. From equation (3.1) a number of approximately 550 photoelectrons may be estimated. The predicted values of fired cells and produced photoelectrons for the 1600-cell SiPM (25% PDE) are 704 and 924, respectively. In case of photoelectron number being the dominant factor in accuracy of time estimation, a linear dependence of time resolution to the inverse square root of the photoelectron number may be assumed in a first approximation. Thus, in the case of the 1600-cell SiPM an improvement of approximately 20% is to be expected. Experimentally, an improvement in time resolution of 12% has been observed for the 1600-cell SiPM compared to the 400-cell one.
In order to fully exploit the excellent timing properties of such detectors and reach the above mentioned timing limits, efforts are focused towards early digitization of the detector signal, thus minimizing the analog signal processing [13, 23] , as well as towards timing pick-off methods based on the first photoelectron.
Effect of dark counts and optical crosstalk on energy and time resolution
Dark counts produced by individual cells of the SiPM device, as well as optical crosstalk among two or more cells [24] Figure 11 . Contribution of dark counts and optical crosstalk to energy resolution: On the left graph, the first peak corresponds to individual dark count/crosstalk events that may be discriminated by energy thresholding due to their well defined shape. In addition, the FWHM of the crosstalk peak may be used to estimate its contribution to the degradation of energy resolution. On the right graph a decreasing number of dark counts with increasing threshold setting is observed.
1. Single electron pulses resulting from the Geiger discharge of each cell have a very well defined shape. Dark counts as such, if detected as individual events, may be easily discriminated in the acquired energy spectra by setting an appropriate energy threshold. The same is valid in the case of optical crosstalk since the output pulse will be the sum of a limited number of cells. The well defined crosstalk "peak" is shown on the left graph of figure 11 . On the right graph of figure 11 a measurement of the dark count rate as a function of threshold is shown.
2. Alternatively, since the output signal of the SiPM is the sum of the output signals of each individual cell, dark counts or optical crosstalk may as well add to the output pulse, in which case energy thresholding cannot eliminate them. The contribution of these effects to the broadening of the photopeak, namely the degradation of the energy resolution, may be significant especially in the case of limited photoelectron statistics. For the energy spectrum of figure 11 , the contribution of crosstalk to the energy resolution is approximately 4%,which was estimated by dividing the FWHM of the far left crosstalk peak by the photopeak position.
Concerning time resolution, dark counts may contribute to an increased number of recorded accidental coincidences, thus adding an enhanced background to the time coincidence histogram. Increasing the energy threshold may eliminate this effect.
Measurements inside a magnetic resonance tomograph
The SiPM functionality inside a strong magnetic field was tested by placing two LYSO-SiPM detector modules in coincidence inside the bore field of view of a 1.5 Tesla Achieva whole body Magnetic Resonance scanner (Philips Medical Systems, Best, Netherlands). The acquisition electronics was placed remotely outside the MR scanner room. No special care was taken for shielding of the coincidence setup. Energy spectra and time coincidence histograms were acquired during a typical Diffusion Weighted Imaging (DWI) sequence used for standard clinical brain studies. Figure 12 shows the acquired energy spectra and time coincidence histograms (right), as well as Except from the evident artifacts in the MR image caused by the RF coupling of the unshielded magnetic components of the coincidence setup, the PET acquisition remains unaffected by the presence of static and gradient magnetic fields, thus making the SiPMs appropriate for use in simultaneous PET/MR imaging. A slight effect of additional shaping on the output signals may appear due to the long coaxial cables (approx. 10 m long) used to lead the detector signals on the remote data acquisition system. The sampled detector signals prior and during the concurrent MR measurements are shown in figure 13.
The energy spectrum was extracted from the digitized amplitude of the detector pulses and showed a 17.9% energy resolution. As mentioned in section 2, the time resolution of 1.6 ns for each LYSO-SiPM detector was extracted using a digital, FPGA-based CFD algorithm. No amplification or shaping was included on the front-end, only the op-amp stage preceding the sampling ADCs was used. It should be emphasized that the above values are possibly influenced by the non-linear SiPM response, as evidenced in section 3.2 and by the limited sampling points on the rising edge of the detector signal (rise time 30 ns, digitization every 12.5 ns). Currently alternative algorithms are evaluated in order to fit the detector signals more accurately.
Event localization in a SiPM-based block detector architecture for PET
Light sharing techniques are widely applied in the design of PET scanners which implement block detector architectures. The scintillation light, produced by either a finely pixellated array of crystals or by a continuous crystal layer, is shared within an array of photodetectors by means of a light guide and the origin of the interaction point is defined by the relative weights of the photodetector signals using Anger logic [25] . Detector linearity is therefore a key feature for the reliable event localization within a block detector The measurements presented in this section have been performed using a red LED instead of a scintillation crystal in order to better match the array's peak sensitivity. The light source was collimated and placed at 9 different positions across the whole surface of the array, as illustrated on the top schematic of figure 14.
A silicon pad of 0.5 mm thickness was used as a light guide. For every position the maximum pulse amplitude from the four SiPMs was recorded and the position of the light source was reconstructed using the following equations:
The effect of the non-linear SiPM behaviour on the position reconstruction was studied in the same way as in section 3.1, by varying the LED pulse width. In figure 14 the 2D position histograms are shown for various LED pulse widths, as well as the simulated one. The measured position histograms depicted in figure 14 show that all nine positions of the light source can be resolved independent of the duration of the light stimuli. Apparent differences in the resolution of the reconstructed positions can be mainly attributed to the non robust mechanical setup.
The light sharing technique results in distribution of light among the four photodetectors and, therefore, in four signals whose relative intensity is indicative of the position of the light source. It is thus expected that the non-linear SiPM response may quantitatively affect the position information extracted from the array. However this needs to be experimentally verified by further studies which are beyond the scope of this work.
Conclusions
In this study we investigated the feasibility of using SiPMs as photodetectors for scintillator readout as well as their potential for use in combined PET/MR imaging. We have evaluated sample SiPMs in terms of non-linear behaviour introduced by saturation and/or recovery time effects. LYSOSiPM single channel detector modules have been operated in coincidence acquiring energy spectra and time coincidence histograms. For all the measurements the use of charge sensitive preamplification was eliminated and the subsequent signal processing was kept to a minimum level. An energy resolution of 17.9% and a time resolution of 1.4 ns make the SiPMs competitive to standard photodetectors such as photomultiplier tubes or avalanche photodiodes, even given the fact that the performance of current SiPM designs is hindered by the restricted number of available cells in a given area and the corresponding PDE. Recent studies have demonstrated that a SiPM design in-volving a large number of cells per mm 2 is indeed possible and may lead to excellent performance in terms of energy and time resolution [26] . No degradation of the above mentioned values has been observed during simultaneous operation of a high gradient clinical MR sequence. A 2 × 2 array of SiPMs has been assembled and 2-D position histograms of a light source at various positions have been acquired as a function of the light pulse duration.
The experimental findings demonstrate that SiPMs exhibit a similar performance to proportional APDs in terms of energy resolution and a superior performance in terms of timing. These features can be achieved even by eliminating additional amplification stages due to the high gain of these devices. Pulse shape variations due to non-linear detector response to light stimuli of extended duration may be compensated for by performing early digitization of the signal and by using dedicated algorithms to fit the pulse shape. Minimizing the processing electronics is of great advantage in the case of simultaneous PET/MR imaging where reduction of shielding requirements is of utmost importance.
